The pioneering contributions of Ondrej Krivanek to the development of electron energy loss spectrometers, energy filters, and detectors for transmission and scanning transmission electron microscopes have provided researchers with indispensible tools across a wide range of disciplines in the physical sciences, ranging from condensed matter physics, to chemistry, mineralogy, materials science, and nanotechnology. In addition, the same instrumentation has extended its reach into the life sciences, and it is this aspect of Ondrej Krivanek's influential contributions that will be surveyed here, together with some personal recollections. Traditionally, electron microscopy has given a purely morphological view of the biological structures that compose cells and tissues. However, the availability of high-performance electron energy loss spectrometers and energy filters offers complementary information about the elemental and chemical composition at the subcellular scale. Such information has proven to be valuable for applications in cell and structural biology, microbiology, histology, pathology, and more generally in the biomedical sciences.
Introduction
From the time of its origin, electron energy loss spectroscopy (EELS) was recognized as being a particularly sensitive technique for the detection of lighter elements because those atoms have favorable inelastic scattering cross sections for inner shell excitations [1] [2] [3] . It was therefore understood at the outset that EELS had potential for analyzing the composition of biological specimens, which are predominantly composed of lighter atoms. In addition, early studies in Albert Crewe's laboratory at the university of Chicago showed that EELS could distinguish between biological molecules, such as different amino acids, and different nucleic acid bases by analyzing details of the EELS fine structure caused by excitation of valence or core shell electrons [4, 5] . However, in the 1970s electron spectrometers were not readily available commercially. Instead, the few existing EELS systems in laboratories around the world were home-built and often unsuitable for users who were non-physicists. For example, my own work on EELS began at the Department of Physics, Cambridge University, UK, where I used a 45°magnetic prism spectrometer on an AEI EM6G electron microscope operating at an accelerating voltage of 60 kV with the task of obtaining a better characterization of EELS core-edges and investigating the potential of EELS as a quantitative microanalytical tool. The spectrometer that I used had been built by David Wittry a few years earlier, when he was on sabbatical leave from the University of Southern California [6] . It was also in Cambridge where I met Ondrej Krivanek in 1975 since we were both graduate students at the Cavendish Laboratory. In fact, Ondrej's Ph.D. research did not involve EELS, but was concerned with analyzing high-resolution TEM images of amorphous materials to discriminate nanometersized ordered domains from random fluctuations in the structure [7] . I completed my studies at the Cavendish one year after Ondrej, and moved to Mike Whelan's group in the Department of Metallurgy and Materials in Oxford where I continued work on EELS with an incolumn energy filter built by Egerton et al. [8] based on the original design by Castaing and Henry [9] . Then the following year, I moved to the Department of Applied and Engineering Physics at Cornell University in Ithaca, NY, where I worked in John Silcox's group using a third type of spectrometer, a Wien-Filter, which had been constructed by Curtis and Silcox [10] , and which was attached to a somewhat ancient Hitachi HU11A TEM. Experience with these three instruments illustrates the point that in the 1970s most EELS and EFTEM systems were home-built and often quite difficult to use.
In the early 1980s this situation changed radically due to two events: first, Ondrej Krivanek designed a compact electron energy loss spectrometer offering relatively high performance in terms of collection efficiency and energy resolution; and second, Peter Swann, an exProfessor of Materials Science from the University of London, who was an accomplished electron microscopist and inventor, and co-founder of Gatan Inc., entered into a partnership with Ondrej, who oversaw the launch of the first commercial post-column EELS system. Initially, the spectrometer collected spectra serially using a photomultiplier tube coupled to a scintillator [11] , but soon afterwards Ondrej and his team developed an electron energy loss spectrometer with a parallel detection based on a photodiode array coupled to a YAG scintillator, as indicated in Fig. 1 which is taken from Ondrej's Ultramicroscopy paper from 1987 [12] . Shuman working on muscle physiology at the University of Pennsylvania with a home-built system had also demonstrated in 1981 that electron energy loss spectra could be collected in parallel [13] . The Gatan detector provided an enormous improvement in sensitivity, expanded the scientific community pursuing EELS, and enabled near single atom detectability in STEM with a sufficiently small probe. In particular, exciting results were obtained from a wide range of specimens, often using what was then the state-of-the-art STEM, the VG Microscope HB501 [14] [15] [16] [17] .
With the advent of CCD detectors, Ondrej realized that it was possible to modify the PEELS system by incorporating a slit at the dispersion plane and a series of other lenses (quadrupoles and sextupoles) after the slit, thus converting the TEM/PEELS into an energy filtering transmission electron microscope (EFTEM). The system could also easily revert to PEELS operation by retracting the slit and changing the lens strengths to image the dispersion plane onto the CCD detector. This provided high-end TEMs with great analytical flexibility since these instruments were equipped with field-emission guns that produced a small probe in STEM. For the first time TEMs could be operated in EFTEM or STEM-EELS mode, which attracted considerable interest from researchers in the life sciences, as indicated in Fig. 2 , which is taken from Ondrej's 1995 Ultramicroscopy paper [18] . Over the past two decades there have been many further refinements in energy loss spectrometers and filters, including increased sophistication in the software used to acquire STEM-EELS hyperspectral images, as well as correction of higher order spectrometer aberrations, which give improved collection efficiency with larger spectrometer entrance apertures. However, Ondrej and his colleagues at Gatan had established the essential principles of today's post-column imaging filters some twenty years ago, i.e., before Ondrej's embarked upon the next stage of his career: the quest and ultimate realization of aberration-corrected STEMs, and the founding, together with Niklas Dellby, of Nion Inc.
It seems clear that Ondrej's deep understanding of the optics of electron spectrometers and energy filters, and how to correct spectrometer aberrations based on multipole magnetic lenses, helped Ondrej's path towards correcting the spherical aberration of the probe-forming lens in the STEM. Also, Ondrej's hands-on experience in interfacing spectrometers to the VG Microscopes HB501 instrument provided him with useful experience on how design features of dedicated STEMs could be improved. Therefore much of Ondrej's and his colleagues' experience with energy loss spectrometers helped lead to Nion's development of the aberration-corrected UltraSTEM [19, 20] .
It is should be pointed out that development of the energy filters with high-performance cooled CCD detectors, in turn, led to improvements in detectors for dedicated EELS systems, first the Enfina spectrometer, and more recently the Enfinium spectrometer which incorporates features of the Quantum GIF. In particular, the new generation of EELS enables 1000 spectra to be read out in 1 s, and the Dual-EELS capability making it possible to acquire two regions of the energy loss spectrum almost simultaneously.
The account below includes examples of the application of electron energy loss spectrometers and post-column imaging filters, which have been developed by Ondrej and his colleagues, and which we have used in our laboratory to study biological specimens. Many other laboratories have been working in this area too, and we do not attempt to present a comprehensive review of EELS and EFTEM in the life sciences. For example, researchers have been using various in-column imaging filters to address important biological questions [21] [22] [23] [24] , and this is also outside the scope of this article.
Applications of the GIF
One method for obtaining quantitative elemental distributions from large regions of cells and tissues is to acquire a series of energy-selected images successively over a range of energy losses containing core-edges of interest, i.e., EFTEM spectroscopic imaging. Although this is inefficient in terms of the incident electron dose required to obtain a signal of a specific size, the acquisition is fast since the signal from~10 6 pixels is read out in parallel. In this case, the signal is determined by the width of the energy-selecting slit, which is typically set to the required spectral energy channel width. For example, this approach has been applied to map the composition of hormone-containing secretory granules in mouse pancreatic islets of Langerhans, which are aggregates of endocrine cells that secrete hormones to control blood glucose levels [25, 26] . Fig. 3 shows the phosphorus L 2,3 edge, sulfur L 2,3 edge, and nitrogen K edge maps from a sectioned region of an islet containing portions of an insulin-secreting β-cell (right), and a glucagonsecreting α-cell (left). Nitrogen serves as a general marker for protein, nucleic acid and other biological molecules, and is observed at high concentrations in both α-cells and β-cells, as well as in the nucleus. Phosphorus is concentrated in the DNA-containing chromatin of the β-cell nucleus as well as lesser amounts in membranes and ribosomes, 
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Ultramicroscopy (xxxx) xxxx-xxxx but absent in the endocrine hormones. Only the β-cell secretory granules, and not the α-cell secretory granules, contain high levels of sulfur. The ratio of sulfur-to-nitrogen, which can be determined by quantitating the EELS spectra extracted from arbitrary regions of the specimen, can provide information about the fraction of amino acids that contain sulfur. Analysis of the EELS data extracted from a β-cell secretory granule in Fig. 3(e) gives a sulfur-to-nitrogen ratio of 0.11, a value that is consistent with the nominal value of 0.097 for insulin, which contains 6 cysteine residues.
Applications of STEM-EELS
Extraction of chemical information from fine structure in the valence or core-edge spectra requires consideration of the radiation sensitivity of biological compounds and the subtle differences in EELS fine structure associated with compositional variations (Fig. 4a) [27] . To map the distributions of biological compounds in cells therefore entails highly efficient and precise collection of spectral data at each pixel in an image, i.e., parallel detection of the spectrum in the STEM- Extracted EELS from beta cell secretory granule can be analyzed quantitatively to give an atomic ratio of sulfur-to-nitrogen of 0.11 ± 0.01:1. From G. Goping, et al. [25] , and M.A. Aronova, and R.D. Leapman [26] . (For interpretation of the references to color in this figure legend,the reader is referred to the web version of this article.)
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Ultramicroscopy (xxxx) xxxx-xxxx EELS mode. Fig. 4a shows that there are significant differences in the valence loss spectra between frozen water and protein, which can be exploited to derive water maps. For example, a study on cryosectioned rat hepatocytes showed that it is feasible to quantify water content in different subcellular organelles [27] . The dark-field STEM image of the frozen hydrated section in Fig. 4b shows only compression artifacts caused by the cutting process. After acquiring a 128×128 pixel STEM-EELS spectrum-image, deriving the single scattering distributions, and fitting reference spectra at each pixel using a least squares approach, it was possible to obtain the distribution of water and protein, as shown in Fig. 4c , in which regions containing mitochondria, cytoplasm, red blood cells, and plasma are all evident. Water content can be quantified at each pixel and expressed as a histogram (Fig. 4d) , which shows values in the cytoplasm of~75% and in the mitochondria of~55%.
Other laboratories have also determined water distributions using this approach [28, 29] . Other studies have been performed to map the uptake of the anticancer drug, doxorubicin in human cancer cells by means of a modified Zeiss EM902 EFTEM to obtain information from intense spectral features at an energy loss~3-eV [30] . Recent work by Rez et al. [31] has shown that it is possible to extract extremely low energy loss spectra from biological molecules by using a monochromated Nion STEM100 and a high-resolution Gatan Enfinium EELS to record vibrational spectra at an energy resolution of approximately 15 meV. In those experiments, spectra were acquired from guanine crystals by placing the electron probe in an aloof position several nanometers outside the specimen. It this way is was possible to avoid specimen damage entirely [31, 32] .
The core-edge signals in the electron energy loss spectrum provide quantitative information about endogenous elements in cells. Although major elements, such as nitrogen, phosphorus and sulfur, are often tightly bound to large macromolecules, enabling specimens to be prepared by conventionally fixation and embedding, as illustrated in the EFTEM measurements in Fig. 3 , other elements are diffusible and can only be retained in specimens prepared by rapid freezing, cryosectioning or focused ion beam milling, and freeze-drying. Of particular importance is calcium, which acts as a ubiquitous second messenger transmitting extracellular signals to intracellular targets, either by direct entry of Ca ++ through the plasma membrane or by release of Ca ++ from intracellular stores such as endoplasmic reticulum and mitochondria. The function of many cellular proteins depends on the binding of calcium, which is often present at very low overall concentration, of order 1 mmol per liter, or a few tens of atomic parts per million. To detect such low calcium concentrations often requires delivery of between 10 9 and 10 10 incident electrons into each position of the probe on the specimen. In such measurements, the small signal can be swamped by fluctuations in the background due to channel-tochannel gain variations of the detector. As originally shown by Shuman and Somlyo [33, 34] , the calcium signal becomes visible when the spectrum is deflected by a few electron volts across the detector and subtracted from the unshifted spectrum. This "difference spectrum" acquisition is illustrated by the measurement of calcium in dendrites of 
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cryosectioned mouse cerebellar cortex in regions of endoplasmic reticulum and mitochondria (Fig. 5 ) [35] . Here, the nitrogen maps (Figs. 5b and 5f) are computed and used to segment the two compartments so that the spectra can be summed in each separately. The resulting spectra are fitted with reference spectra, and quantified to give an endoplasmic reticulum calcium concentration of 4.9 ± 0.4 mmol/kg dry wt., and a mitochondrial calcium concentration of 1.4 ± 0.4 mmol/kg dry wt, in good agreement with earlier measurements. STEM-EELS has also proven useful for analyzing the distribution of intrinsic superparamagnetic iron in the human brain to determine whether this element contributes toward contrast in magnetic resonance medical imaging [36] . Fig. 6a and b show, respectively, an optical image (stained for iron) and a magnetic resonance image of a paraffin section of post-mortem human visual cortex, with a specific region called the Line of Gennari indicated by the double arrows. Phase contrast TEM (Fig. 6c ) reveals small punctate structures that are attributed to the iron cores of ferritin molecules. This is confirmed by STEM-EELS spectrum images in small sub-regions (Fig. 6d-f) , which show that the punctate structures are composed of iron, and a quantitative analysis of extracted spectra (Fig. 6g ) reveals that they contain 1740 ± 580 atoms, consistent with the known iron complement of ferritin cores [36] .
Applications to bionanotechology
EFTEM and STEM-EELS are becoming standard tools for characterizing synthetic bionanoparticles in the size range from about 1-100 nm, which are designed for potential use in medical diagnostic or therapeutic applications, i.e., the field of nanomedicine. Such particles can incorporate multiple functional moieties to provide both diagnostic and therapeutic capabilities, i.e., "theranostic" nanoparticles.
For example, hybrid nanocomplexes have been developed as magnetic resonance (MR) labels to image neural stem cells, bone Fig. 5 . Spectrum-imaging of two neuronal dendrites in the vicinity of the Ca L 2,3 edge, together with dark-field images (A, E) obtained using the Gatan 666 Parallel EELS attached to a VG Microscopes HB501 STEM. Background-subtracted nitrogen K-edge maps (B, F) reveal location of mitochondria and membranes of endoplasmic reticulum. Very weak signals are detected when these nitrogen maps are segmented according to compartment: endoplasmic reticulum (C, G) and mitochondria (D, H); Bars =200 nm. Spectra at each pixel were acquired in the difference mode with a 6 eV shift to reduce noise due to channel gain variations in the photodiode array. Multiple-least-squares fit (solid curves) of filtered reference spectra for segmented spectrum-image data (circles) in endoplasmic reticulum (J) and mitochondria (K). Analysis of the Ca L 2,3 edge signal showed that the ER calcium concentration was 4.9 ± 0.4 mmol/kg dry wt., and the mitochondrial calcium concentration was 1.4 ± 0.4 mmol/kg dry wt. From R.D. Leapman et al. [35] .
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Ultramicroscopy (xxxx) xxxx-xxxx marrow stromal cells and natural killer T-cells that have potential for cancer therapy [37] . Here, we used EFTEM spectroscopic imaging to analyze these nanocomplexes, which contain a mixture of three federally approved constituents, heparin (H), protamine (P), and iron-containing ferumoxytol (F) (Fig. 7 ) [38] . It was found that the ferumoxytol nanoparticles surround a soft core about 200 nm in diameter, composed of sulfur-containing heparin and nitrogen-containing protamine. By quantifying the GIF spectrum images to determine the ratio of sulfur-to-nitrogen in the HPF nanocomplex cores, it was found that number of negative charges on the heparin balanced the number of positive charges on the protamine, indicating that the charge balance is an important factor in producing stable nanoparticles.
Hybrid nanoparticles containing both inorganic and organic components are sensitive to beam damage, in which case it is often preferable to use the more efficient STEM-EELS approach. For example, van Schooneveld et al. [39] have used a VG HB501 STEM equipped with a Gatan 666 PEELS to characterize nanoparticles consisting of CdSe/ZnS quantum dots (optical probe) inside silica shells, which are covered with a hydrophobic layer of octadecane and, finally, an outer layer that includes, among other components, lipids and paramagnetic gadolinium atoms (MRI probe). Van Schooneveld et al. [39] were able to identify all the constituents of the nanoparticle (Fig. 8) . In addition, by analysis of subtle variations in the carbon Kedge spectral fine structure, they were able to identify different types of chemical bonding in the organic layers that are added during various 
Ultramicroscopy (xxxx) xxxx-xxxx stages of the nanoparticle's preparation.
Future directions
There are a number of exciting possibilities for applying EELS and EFTEM to unravel the complex ultrastructure in cells and tissues. For example, recently, a group led by Roger Tsien and Mark Ellisman at the University of California, San Diego, have developed multicolor EFTEM probes containing rare earth elements that can be used to label multiple specific cellular proteins in cells. In 2008, Roger Tsien won the Chemistry Nobel prize (together with Osamu Shimomura and Martin Chalfie) for developing genetically encoded green fluorescent protein (GPF), which has revolutionized studies of the biology of living cells in the optical microscope, and the rare earth EFTEM probes were conceived as a way to extend the GFP labeling approach to a finer scale in the electron microscope. In this recent work, the University of California San Diego team developed a genetically encoded photoactivated, singlet oxygen generator that, on activation, polymerizes the compound diaminobenzidine (DAB) that is chelated with a rare earth element [40] . After sample preparation for electron microscopy, the rare earth atoms are retained in close proximity to the location of the original genetic tag. In their recent paper published in Cell Chemical Biology, Adams et al. genetically tagged the complementary DNA for an important brain protein PKM-ζ involved in long-term potentiation, i.e., memory, with DNA for fluorescent protein and a singlet oxygen generator [40] . In these experiments, transfected cultured rat neurons were stimulated with a compound to induce long-term potentiation, followed by addition of cerium-chelated DAB, then photoactivation to generate singlet oxygen species and hence DAB polymerization, and finally the specimens were prepared for electron microscopy. In their experiments, Adams et al. used an in-column Omega filter on a JEOL JEM-3200EF TEM and an Ultrascan 4000 CCD detector or a Direct Electron DE-12 detector. They found cerium deposited at the postsynaptic membrane in stimulated neurons but not in the controls, demonstrating that PKM-ζ had indeed been produced following stimulation [40] . This result suggests that EFTEM could play an important role in mapping specific proteins in cells and tissues on the scale of a few tens of nanometers rather than the approximately ten times large scale of optical fluorescence microscopy.
In the application above, the rare earth elements are imaged using relatively weak M 4,5 edges situated at energy losses from around 800-1400 eV, even though the peak-to-background is high due to the presence of strong resonances (white lines) at the edge threshold. It is therefore likely that direct electron detectors with single electron sensitivity will prove useful for this type of application, and the new generation of post-column Quantum GIF filters is now available with such detectors.
For certain applications, especially ones involving detection of neartrace levels of the important signaling ion calcium, STEM-EELS imaging provides higher sensitivity than EFTEM. Here, recent advances in EELS performance offer strong advantages. For example, the Gatan Quantum Dual EELS system, a natural progression from Ondrej's original design, enables as many as 1000 parallel spectra to be read out per second. This allows larger areas of a sample to be imaged in a reasonable time, an important factor in the context of biological specimens, where regions of interest can be sparsely distributed, such as synapses in brain. This new spectrum-imaging capability is also expected to offer higher sensitivity for imaging trace Fig. 7 . EFTEM spectrum-image from plastic sections of hybrid nanocomplexes containing heparin, protamine, and ferumoxytol, which are being used for magnetic labeling of stem cells. (a) Fe L 2,3 edge image; (b) overlay of Fe L 2,3 edge image (red), S L 2,3 edge image (blue) and N K edge image (green) shows that the iron-containing ferumoxytol nanoparticles surround a soft core composed of sulfur-containing heparin and nitrogen-containing protamine. The two components in the core co-localize due to association between the negatively charged heparin and the positively charged protamine. From L.H. Bryant et al. [38] . (For interpretation of the references to color in this figure legend,the reader is referred to the web version of this article.) 
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Ultramicroscopy (xxxx) xxxx-xxxx levels of exogenous elements such as manganese that are used as contrast agents in magnetic resonance imaging. In addition, the improved capabilities of STEM-EELS also makes it possible to acquire low-loss spectrum-images containing large numbers of pixels in the low dose regime, which will enable specific chemical information to be extracted much more rapidly from frozen hydrated specimens or suitably prepared embedded preparations. This is likely to increase the range of applications of this technique, including the mapping of water in frozen hydrated cryosections, imaging the distributions of compounds localized in specific organelles, as well as imaging functionalized bionanoparticles.
Conclusion
The purpose of this brief account has been to present a historical account of Ondrej Krivanek's contributions to the development of EELS and EFTEM with specific application to the life sciences with an emphasis on elemental and chemical mapping of cells and tissues. There was not sufficient space here to discuss the use of EFTEM to filter out inelastic scattering and hence to improve image quality in cryoelectron microscopy of macromolecular assemblies, or in electron tomography of frozen hydrated samples through elimination of chromatic aberration effects resulting from energy spread due to multiple inelastic scattering [41] . Our most important conclusion is that today's electron energy loss spectrometers, which were originally developed by Ondrej, enable a wide range of biological studies. STEM-EELS spectrum imaging provides detection limits of a few atoms and a sensitivity of few ppm. In this regard, operation at lower accelerating voltage (e.g., 60 kV) might be advantageous in minimizing knock-on beam damage to light atoms in biological specimens. The application of the postcolumn or in-column EFTEMs, when coupled with direct electron detectors, enables weak core-edge signals to be imaged over large regions of biological specimens, and thus opens up a number of exciting applications, such as the localization of genetically tagged proteins by the deposition of specific elemental labels.
